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Abstract
Nanometric size (Ba, Yb) doped ceria powders with fluorite-type structure were obtained by applying self-
propagating room temperature methods. Tailored composition was: Ce0.95−xBa0.05YbxO2−δ with fixed amount of 
Ba − 0.05 and varying Yb content “x” from 0.05 to 0.2. Powder properties such as crystallite and particle size 
and lattice parameters have been studied. Röntgen diffraction analyses (XRD) were used to characterize the 
samples at room temperature. Also, high temperature treatment (up to 1550°C) was used to follow stability 
of solid solutions. The mean diameters of the nanocrystals are determined from the full width at half maxima 
(FWHM) of the XRD peaks. It was found that average diameter of crystallites is less than 3 nm. Williamson-
Hall plots were used to separate the effect of the size and strain in the nanocrystals.
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I. Introduction
Ceria (CeO2) is very important material for many fas-
cinating reasons. The capability of ceria to change oxida-
tion state in relatively easy way, affects the local struc-
ture and functionality of ceria [1]. Ceria is also of great 
importance for its function as a solid-oxide electrolyte for 
electrochemical devices as well as oxygen storage capac-
ity component in three-way heterogeneous catalysis [2]. 
This behaviour results from the balance between reduced 
and oxidized states of ions, i.e. Ce+3 and Ce+4 and from 
increased oxygen transport capacity. Thus, ceria is very 
promising material for use as an electrolyte in solid oxide 
fuel cell (SOFC) applications [3,4]. For comparable dop-
ing levels, the overall oxygen ionic conductivity in doped 
ceria is approximately an order of magnitude greater than 
that of stabilized zirconia [5]. The larger ionic radius of 
Ce4+ (0.97 Å) than Zr4+ (0.72 Å), results in much more 
open structure through which oxygen ions can easily mi-
grate [6]. This allows ceria to be used as an electrolyte at 
moderate operating temperatures.
However, mentioned properties are strongly depen-
dent on the structural features. Therefore for the design of 
ceria-based materials with high oxygen storage and trans-
port capacity, it is important to know how to increase the 
number of structural defects (oxygen vacancies) and at 
the same time to maintain a fluorite-type crystal struc-
ture. There are two possibilities to obtain ceria-based ox-
ide as an oxygen storage component, either by promotion 
of Ce4+ reduction into Ce3+ or to chemically dope ceria 
with other transition or rare-earth elements [7,8].
The key factor in the design of modified ceria is 
the choice of dopant elements, as well as their intro-
duced amounts. In addition, the preparation method of 
the powder has also very strong influence on the ho-
mogeneity and stability of the solid solutions. In this 
work the powders were prepared by the self-propagat-
ing room temperature (SPRT) reaction [9,10]. 
This paper describes characterization of a number 
of solid solutions of (Ba, Yb) doped ceria by X-ray dif-
fraction using the Rietveld refinement in order to study 
the variation of the lattice parameter with dopant con-
tent and microstructure size-strain behaviour.
II. Experimental
The solid solution of Ba and Yb doped ceria samples 
were synthesized by the SPRT method using nitrates of 
Ce, Ba and Yb (Aldrich, USA) and NaOH (p.a. Zorka, 
Serbia) as starting materials. The compositions of react-
ing mixtures were calculated according to nominal com-
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position  of  the  final  reaction  product.  Compositions  of 
Ce0.95−xBa0.05YbxO2−δ powders were synthesized with x rang-
ing from 0.05 to 0.2. Preparation of Ce0.95−xBa0.05YbxO2−δ 
powders was performed according to the reaction:
The above reaction belongs to a group of double ex-
change reactions, which proceeds at room temperature 
after the mixture of reactants was mechanically activat-
ed by hand mixing in mortar for very short time. The 
products were centifuged in order to eliminate NaNO3. 
After draying at 60°C in ambient atmosphere, the struc-
tures of the solid solutions were identified by means of 
powder X-ray diffraction (XRD) on Siemens D-5000 
XRD diffractometer with CuKα radiation at room tem-
perature. Data for structural refinement were taken af-
terwords in the angular range of 2θ = 20−120º. Before 
the measurements the angular correction has been done 
by high quality Si standard. Williamson-Hall plots were 
used to separate the effect of the size and strain in the 
nanocrystals, using the equation: 
βTotal⋅cosθ = 0.9λ/D + 4∆d/d⋅sinθ
where βTotal is the full width half maximum of the XRD 
peak, λ is the incident x-ray wave length, θ is the dif-
fraction angle, D is crystallite size and ∆d is the differ-
ence of the d spacing corresponding to a typical peak. 
By plotting βTotal⋅cosθ versus sinθ it is possible to obtain 
D from the intercept and ∆d/d from the slope.
The phase stability of the solid solution powders 
was examined on heavily doped ceria (with 20 % of Yb) 
after pressing and annealing at 1550°C for 4 h.
III. Results and discussion
Typical x-ray diffraction patterns for the solid solu-
tions of (Ba, Yb) doped ceria with different dopant con-
centration are shown in Fig. 1. According to X-ray dif-
fraction analysis, the obtained powders are single phase, 
independent of dopant concentration in the range inves-
tigated. Peaks related to isolated Ba and/or Yb - phas-
es are not observed and all of solid solution powders 
exhibit the fluorite crystal structure. This high solubil-
ity may be attributed to nanometric nature of powders. 
XRD analysis reveals that all peaks for each sample 
were significantly broadened indicating small crystal-
lite size or/and strain. Moreover, it exhibits very diffuse 
diffraction lines, in such way that some atomic planes 
are impossible to notice (hkl: 200, 222, 400, 331, 420).
Calculation of cell parameters (Fig. 2) on the basis of 
X-ray results, shows the linear dependence of unit cell 
parameter on the portion of Yb+3 ions, x, in at.%. Accord-
ing to Shannon’s compilation [11], the ionic radii of Ce+4, 
Ba2+ and Yb+3 for CN 8 (coordination number of ions) are 
0.97, 1.42 and 0.985 Å, respectively. Thus, doping with 
much bigger Ba2+ ion will increase the lattice parame-
ter of ceria. In addition, rising of the content of slight-
ly bigger sized Yb+3 ions will keep on increasing cell lat-
tice. Also, lattice parameter (ao) of doped ceria versus fix 
amount of Ba2+ and various Yb3+ content, obeys Vegard’s 
law (Fig. 2). The crystallite size, calculated on the basis 
of XRD data, for all powders lay below 3 nm (Table 1).
The Williamson-Hall plot for the obtained solid so-
lutions obtained is shown in Fig. 3. The presence of 
slopes on the β⋅cosθ axis indicates the internal strain of 
nanocrystals. An increasing value of the slopes for the 
different additive concentration exhibits a clear contri-
bution of strain effect. The strain is present along crys-
talline boundaries due to lattice mismatch. With increas-
ing amount of Yb3+ ion, strain increases (Table 1).
Figure 1 X-ray diffraction patterns of Ce0.95−xBa0.05YbxO2−δ 
powders
Figure 2. Lattice parameter (ao) of doped ceria as a function 
of Yb content in samples (Ce0.95−xBa0.05YbxO2−δ)
2[(0.95-x)Ce(NO3)3 ⋅6H2O + (0.05Ba(NO3)3 ⋅6H2O + xYb(NO3)3 ⋅6H2O ] + 6NaOH + (1/2-δ)O2
→2Ce0.95−xBa0.05YbxO2−δ + 6NaNO3 + 15H2O71
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High temperature annealing of the Ce0.75Ba0.05Yb0.2O2-δ 
shows fluorite structure. Peaks related to isolated sec-
ondary phases are not observed (Fig. 4). In spite of be-
ing heavily doped (Ba, 5% and Yb, 20%), the solid so-
lution is stable at high temperature.
IV. Conclusions
New nanostructured Ce0.95−xBa0.05YbxO2−δ (x = 0.05−0.2) 
oxides have been synthesized by self-propagating room 
temperature method. It was found that the particle size 
lies in the nanometric range, less than 3 nm. Variation 
of lattice parameter with increasing Yb content obeys 
the Vegard’s law. The phase stability of solid solutions 
at high temperature is confirmed by heat treatment at 
1550°C for 4 h.
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